Introduction
The corticospinal (CS) system is the principal system for controlling skilled voluntary movements. This system develops during early postnatal life, reaching maturity several weeks to months after birth in animals and after many years in humans (for review, (Martin 2005) ). During early postnatal development, there is an important interplay between CS tract axon terminations in the spinal cord, neural activity in motor cortex (M1), and motor experience. In the cat, CS tract axons terminate diffusely as they grow into the spinal gray matter, with extensive dorsoventral and bilateral axon branching (Alisky et al. 1992; Li and Martin 2001; Theriault and Tatton 1989) .
Refinement of the topography of CS tract axon terminals into the mature form requires neural activity in primary motor cortex (M1) and limb motor experience during a brief critical period, without which the axons fail to develop dense and topographicallyspecific terminations in the spinal cord (Friel and Martin 2005; Martin et al. 2004; Martin and Lee 1999 ).
While we understand that activity-and use-dependent processes are important in determining the regional distribution and morphology of CS axon terminals (Friel and Martin 2005; Li and Martin 2002; 2001; Martin et al. 2004) , little is known about the role of these processes in development of skilled movement control. Effective posture, interjoint coordination during movement, and visual guidance of movement are expressed within moments after birth in many animals (Muir 2000) . By contrast, many species, including cats, monkeys, and humans, develop these motor skills later in development. This raises the possibility that postnatal activity in particular motor Page 3 of 47 systems, as well as use-dependent mechanisms, are important in establishing functional motor circuits. We began to address the role of these factors in motor development by blocking neural activity or by preventing limb use during the critical period for CS axon termination refinement and examining performance changes later in development. Over-reaching was produced in kittens after we blocked M1 activity and grasping impairments occurred after either activity blockade or preventing limb use during the same period (Martin et al. 2004; Martin et al. 2000) . These impairments could reflect defects in activity-dependent development of the CS system and its targets in the brain stem and spinal cord that are critical for maturation of circuits for controlling specific movement features.
In the present study we determined the effects of unilateral M1 activity blockade during the critical period for CS axon terminal refinement on visually guided locomotion.
We examined two locomotor tasks, one when an animal adjusts limb position to step upon a ladder rung and another, when the animal steps over obstacles during treadmill locomotion (Armstrong and Marple-Horvat 1996; Drew 1988) . These locomotor tasks, similar to prehension, depend on the CS system for control in mature animals (Armstrong and Marple-Horvat 1996; Biernaskie et al. 2004; Drew 1991; Emerick and Kartje 2004; Metz and Whishaw 2002; Beloozerova and Sirota 1993) . Visually guided locomotion is well suited for developmental studies because stable performance can be achieved with less training than reaching. We show that there was consistent overstepping in both tasks as animals placed the limb contralateral to inactivation on the substrate. Surprisingly, our analysis revealed no apparent impairments in limb trajectory control preceding paw placement. These results point to distinct, and possibly independent corticospinal mechanisms for movement trajectory control and endpoint control. While corticospinal activity is needed to refine circuits "functionally" for accurate endpoint control, this activity-dependent refinement is not needed for movement trajectory control. Preliminary results have been published in abstract form (Friel et al. 2004 ).
Methods
Animals were obtained from an AAALAC-accredited supplier. Kittens were delivered in litters of 4 or 5 along with a lactating mother at postnatal day 28. One untreated animal, which served as a control, was delivered after weaning. Columbia University and the New York State Psychiatric Institute IACUC committees approved all experimental procedures. Procedures (treadmill walking) performed at the Université de Montréal were approved by the local animal care committee. Table 1 summarizes the number of animals used to study locomotor performance and the treatments they received.
Sensory-motor cortex activity blockade
Animals were administered atropine (0.04 mg/kg i.m.) prior to surgery to reduce tracheal secretions. A mixture of Acepromazine (0.03 mg/kg i.m.) and Ketamine hydrochloride (32 mg/kg i.m.) was given to induce anesthesia. The trachea was intubated in each cat after anesthesia was induced, and the cats were maintained in an areflexive condition on 1%-2% isoflurane during surgery. Animals were given a broad-spectrum antibiotic (cephazolin) at the time of surgery and an analgesic (buprenorphen) afterwards. Animals resumed nursing upon recovery from anesthesia, and were given supplemental milk (KMR feline milk replacement) as needed.
A small craniotomy (~5 mm diameter) was made over the forelimb area of primary motor cortex (M1), in the lateral sigmoid gyrus, just lateral to the tip of the cruciate sulcus. This region projects to the cervical spinal cord (Martin 1996) and microstimulation evokes contralateral forelimb joint movement (Chakrabarty and Martin 2000) . To block neuronal activity in forelimb M1, we infused the GABA A agonist muscimol (10 mM in sterile saline; Sigma). This concentration has been shown to effectively and reversibly block activity in primary visual and motor cortex in kittens (Martin et al. 1999; Reiter and Stryker 1988) . A 28-ga hypodermic needle cannula (Alzet), beveled at the tip, was connected with vinyl tubing (Scientific Commodities, size 4) to an osmotic minipump (Alzet, model 2002) filled with the muscimol solution. In one animal, the pump was filled with sterile saline only. We have previously shown using the metabolic marker cytochrome oxidase that this infusion maximally inhibits a 2.5-3 mm radius of cortex at the infusion site and has a smaller effect for an additional 4-5 mm radius (Martin et al. 1999 ) (i.e., total spread of inactivation, 6.5-8 mm). The cannula was inserted 2 mm below the pial surface and was fixed to the skull with screws and dental acrylic cement. The pump delivered muscimol or saline at the rate of 0.5 ML/hr during postnatal weeks 5-7. At the end of the infusion period, the cannula and pump were removed.
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Behavioral testing
Ladder-walking
We examined animals on the ladder task between 1-3 months after cessation of the inactivation (see Table 1 ). The ladder was made of Plexiglas and placed on a horizontal surface. It was 88 cm long, 18.4 cm wide with a rung interval of 5.8 mm.
Rungs were square bars 9 mm wide. Stationary platforms were located at either end of the ladder. Cats were placed at one end of the ladder, and meat cubes were placed at the other end. Testing was videotaped. During testing, the cat walked across the ladder from the start platform to the food reward. Halfway through testing each day, the positions of the start platform and food reward were switched so that each side of the cat could be captured on film. To prevent cats from memorizing rung position, we placed them at different positions on the platform for each trial while keeping the distance between rungs constant. This resulted in their starting to step on the rungs with either forelimb. Moreover, the first ladder rung to be stepped on differed from trialto-trial. For sessions in which data for kinematic analysis were obtained (see below), we used a permanent marker or white correction fluid, depending on the color of the cat, to mark the shoulder, elbow, wrist, and metacarpophalangeal (MCP) joints, as well as the paw tip.
Gait modification during treadmill locomotion
To examine gait modification, inactivated animals were prepared in the lab in New York and transported to the lab in Montreal for testing on a treadmill with a 1.7 m long surface distance that ran at a speed of 0.35 m.s -1 . Two obstacles (either 2.5 cm high for cats 1,2; or 4.5 cm for cat 3) were attached to the treadmill belt equally spaced.
The cats were trained to walk on the treadmill and to step over the obstacles over a period of 2-3 weeks and data for analysis were obtained only after the cats had learned to walk steadily on the treadmill for periods of ~ 5 minutes. Cats were filmed at 60 fields/s using a Sony Video camera and a shutter speed of 2 ms.
Behavioral analyses
Analysis of ladder step movements
Videotapes of testing sessions were imported into a video editing program (iMovie; for the Apple Macintosh computer). Trials were not scored if the cat halted movement during the step, changed direction of movement, jumped to the end of the ladder, or stepped off the side of the ladder. Approximately 20% of trials were excluded from scoring. Images from the video files were analyzed at 30 Hz; pausing the frame in which the paw made contact with the rung. We examined forepaw performance only.
The front edge of the rung is defined as the edge closest to cat, as the paw approached the rung. The opposite side is termed the rear edge. We measured the distance that the tip of the cat's forepaw extended beyond the rear edge of the rung of the ladder (termed forward distance). The forward distance was measured on a flat computer screen.
Distance measures from the computer screen were converted to cm by scaling according to a calibrated distance on each video file.
For kinematic analysis of ladder step movements, digitized files of testing sessions were imported into the program MaxTRAQ (Innovision Systems) for marking Page 8 of 47 joint centers and the paw tip and MaxMATE (Innovision Systems) was used for computing kinematic measures. Steps were selected for analysis if the cat made a smooth, uninterrupted movement to a ladder rung. Using MaxTRAQ, shoulder, elbow, wrist, and metacarpophalangeal joint centers were marked, as well as the paw tip.
These measurements were made on the 3 video frames prior to contact with the rung and the contact frame. Since frame rate is 30 Hz, our measurement points were at -99 ms, -66 ms, -33 ms before contact, as well as at the time of contact (t=0). For the terminal portion of each step (i.e., between -90 ms prior to and the time of contact), we generated movement paths for each joint and the paw tip, stick figures of the movement, joint (elbow, wrist, metacarophalangeal) angles and segment (upper arm, defined by the shoulder and elbow points; forearm, defined by the elbow and wrist points; paw, defined by wrist and paw tip points). Standard parametric and nonparametric statistics were used to test the significance of differences in step measures of the limb contralateral to the cortical infusion (inactivated limb) and the ipsilateral limb (control limb).
Step height and distance during treadmill locomotion To characterize gait modification on the treadmill, we examined the first 25 steps over the obstacle in each period of testing for both the contralateral and ipsilateral (right and left for the untreated control) forepaws. For each step, and for each forepaw, we made three measurements: 1) we measured the distance between the front edge of the obstacle (i.e., the edge that was closest to the animal prior to stepping over it) and the tip of the paw (termed distance before obstacle), 2) the distance between the paw tip and the rear edge of the obstacle (termed forward distance), and 3) the height of the paw as it stepped over the obstacle (termed step height). For each step, these measurements were made for both the leading forepaw (i.e., the first to step over the obstacle) and trailing forepaw (the second forelimb to step over the obstacle).
Approximately equal number of steps were analyzed in which the inactivated and control paws were used as either leading or trailing paws.
Trajectory analysis during treadmill locomotion
The paw trajectory from lift to contact was analyzed in two cats. The steps that we analyzed were selected from the same group of steps for which we measured step height and distance. The vertical and horizontal coordinates of the paw were determined at a 60 Hz sampling rate. The location of the paw at lift-off, when it was directly over the obstacle, and at contact were recorded so that we could align the paw path trajectories with one of these points. Alignment over the obstacle gave the clearest view (see Figure 8) .
To obtain ensemble averages of the paw path trajectories and to compare trajectories statistically, we used the program Matlab (The Mathworks, Inc.) to interpolate the step data using the Fourier interpolation function (Interptft). Normalized trajectory data, for the control and inactivated limbs, was averaged using Excel (Microsoft) and plotted using KaleidaGraph (Synergy Software). We used the program Statview for statistical analysis.
Histological analyses
At the conclusion of experiments, cats were deeply anesthetized with sodium pentobarbital (30 mg/kg i.v.) and, using a peristaltic pump, perfused transcardially with warm saline, followed by a solution of 4% paraformaldehyde. Heparin was injected into the heart (200-500 units) at the onset of perfusion. The total perfusion time was 20-30 min. The brain and spinal cord were removed, post-fixed in the same fixative at 4PC for 2-3 hours, and then transferred to 20% sucrose in 0.1 M phosphate buffer overnight.
Frozen parasagittal sections through the cortex and transverse sections through the cervical enlargement were cut (40Mm). Cortical sections through the infused and non-infused cortices were stained using the Nissl method and immunostained for antibodies to SMI-32 and in two 7 week old cats, parvalbumin. Cortical and second cervical segment (C2) sections were processed for immunohistochemistry with a mouse monoclonal antibody to a nonphosphorylated epitope in neurofilament H (SMI-32; Covance, Berkeley, CA). While this antibody labels diverse neurons in the CNS, in sensory-motor cortex it appears to be selective for pyramidal neurons (Kaneko et al. 1994; Preuss et al. 1997; Wannier et al. 2005) . This antibody also labels axons in the dorsolateral white matter of the spinal cord (Wannier et al. 2005) , where the lateral corticospinal tract is located. We used SMI-32 immunostaining to monitor potential effects of muscimol infusion on the population of layer 5 output neurons. We compared SMI-32 staining in the infused and non-infused cortex and in the C2 lateral white column.
For SMI-32 immunohistochemistry, sections were incubated in 3% goat serum with 0.2% Tween at room temperature for 1 hour. Next, the sections were incubated in the primary antibody at 4°C overnight. The optimal concentration of primary antibody was 1:2000. Tissue was washed and then incubated in the secondary antibody (peroxidase-anti-mouse; 1:100). After further washes, the sections were incubated in the DAB solution (10 mg DAB; 20 ml TBS; 2 ML H 2 O 2 ), washed, defatted, and coverslipped. Cortical tissue from the infused and non-infused sides for each animal was processed within the same vial. Therefore, they are directly comparable.
Cortical sections were also stained using an antibody to parvalbumin (mouse monoclonal #235; Swant; Belinzona, Switzerland). Sections were incubated in 3% goat serum at room temperature for 1 hour. Then, the sections were incubated in the primary antibody at 4°C overnight, at a concentration of 1:5000. Tissue was washed and incubated in the secondary antibody (peroxidase-anti-mouse; 1:200) for 2 hours, and subsequently incubated in the DAB solution (10 mg DAB; 20 ml TBS; 2 ML H 2 O 2 ), washed, defatted, and coverslipped.
Cortex and spinal sections were photographed using a digital camera (Microfire; Optronics) attached to an Olympus BH-60 stereomicroscope. When comparing sections from control and treated sides, all camera exposure and microscope lighting settings remained the same. Digital images were processed using Photoshop (Adobe). Any changes in brightness and contrast to the images to improve image quality were identical for the control and treated sides.
Results
In this study, the forelimb area of M1 was inactivated (n=5 cats) unilaterally between postnatal weeks (PW) 5-7. Animals were allowed to recover for 1 week after the muscimol infusion and from the surgery to remove the cannula and infusion pump.
Then, during postnatal months 2-3, cats were tested on one or two visuomotor tasks: traversing a horizontal ladder and stepping over obstacles on a treadmill. In all of these animals (termed inactivated animals), the contralateral forelimb is the affected (termed inactivated) limb and the forelimb ipsilateral to the inactivation served as the control limb. Two additional control animals (age-matched; saline infusion) were examined in the ladder task; the saline-infused was allowed to recover for 1 week at the end of the infusion period before training. Table 1 summarizes animals, treatment, infusion times, behavioral testing times, and on which tasks each animal was tested.
SMI-32 and parvalbumin immunostaining in M1 and the lateral columns of the spinal cord
The infused and non-infused M1 cortex was stained for SMI-32 to reveal the general distribution of pyramidal neurons to determine whether muscimol infusion produced a lesion. Figure 1 shows data from one representative animal. Figures 1A and B are sections through the region of the infusion site. These sections, which are through the lateral pericruciate cortex, pass through cortical layers that are superficial to the pyramidal cell layer, thus only dendritic/neuropil labeling of SMI-32 was present.
Labeling in the infused (A) and non-infused (B) sides is similar. Figure C Figure 1C1 , 2); labeled dendrites are present predominantly in layer 5 as well as layers 2 and 3. There was little staining in the subcortical white matter. This pattern was identical for the non-infused cortex ( Figure 1D1 , 2). SMI-32 staining in the territory occupied by the lateral CS tract in the lateral column of the C2 white matter was symmetrical ( Figures 1C4 and 1D4 ). The other cats also showed symmetrical SMI-32 staining in infused and non-infused cortex and in the lateral white columns at C2.
The duration of behavioral training and testing resulted in euthanizing animals many weeks after cessation of the infusion. To more directly determine the effects of the muscimol infusion, we inactivated M1 between weeks 5-7 in two animals and euthanized them at 7 weeks, while the muscimol infusion had occurred. Importantly, there is no evidence of a lesion apart from the tissue directly damaged by the presence of the cannula. In terms of the extent of the inactivation produce by muscimol infusion, an earlier study using cytochrome oxidase, a metabolic marker, showed that the infusion maximally inhibits a 2.5-3 mm radius of cortex at the infusion site and has a smaller effect for an additional 4-5 mm radius (Martin et al. 1999 ) (i.e., total spread of inactivation, 6.5-8 mm). At 5-7 weeks of age, this region would encompass the lateral pericruciate portion of M1 and extend rostrally into area 6 and caudally into somatic sensory cortex. For M1, this area develops into the region where intracortical microstimulation produces shoulder, elbow, wrist, and digit responses (Chakrabarty and Martin 2000).
In the two animals from the present study, we also stained the tissue with an antibody to the calcium binding protein parvalbumin, whose tissue levels have been shown in other brain regions to be activity dependent (Patz et al. 2004) . Parvalbumin staining in the infused cortex showed laminae and labeled cell bodies, similar to the non-infused cortex ( Figures 2A2, 2B2 ), also indicating that the infusion did not produce a lesion. At higher magnification, it is apparent that staining was weaker in the infused than in the contralateral non-infused cortex ( Figures 2A3, 2B3 ): labeled cell density and neuropil staining were less. In this animal, for example, we found that neuropil staining in lamina 1 was nearly absent for 3.75 millimeters from the center of the infusion site.
This corresponds approximately to the region of maximal cytochrome oxidase reduction shown earlier (Martin et al. 1999) . The inset in Figure 2A1 shows approximately this region of maximal reduction in parvalbumin immunostaining. There was a further, but reduced, decrease in parvalbumin staining over a larger distance, which corresponds approximately to the wider region of reduced cytochrome oxidase staining shown earlier (Martin et al. 1999 ). Our present and prior findings show that muscimol infusion reduced activity-dependent markers within M1 areas where the representation of all forelimb joints develop and did not produce a lesion since there was minimal structural damage to cortical neurons, especially layer 5 output (i.e., corticospinal) neurons, at the infusion site (e.g., Figure 1C1 ,2). The absence of a structural lesion is also consistent with our prior results based on layer 5 cell counts and measures of the cross-sectional area of the medullary pyramids (Friel and Martin 2005; Martin et al. 1999; Martin et al. 2000) .
Generalized limb control impairments during and after inactivation
Modest forelimb motor control impairments were produced during M1 inactivation (PW 5-7). Descriptions of the motor effects during the period of muscimol infusion have been previously described in detail (Martin et al. 2000) . In brief, contact placing was impaired (reduced probability to elicit; habituates more easily) on the forelimb contralateral to the infused cortex during the infusion period. Within-cage behavior appeared normal, as did locomotion on a flat surface. There was no paw drag. Contact placing improved within several days after cessation of infusion, although it often remained asymmetric compared with the non-infused side. After cessation of inactivation, animals showed neither an impairment when walking on a flat surface nor while walking unobstructed on the treadmill. Following saline infusion, the animal did not show any limb motor impairments.
Performance on the horizontal ladder task
Generalized forelimb performance changes
When control animals (saline infusion, age-matched) traversed the ladder, the contralateral and ipsilateral forepaws landed squarely on each rung. By contrast, placement of the forelimbs contralateral and ipsilateral to the cortex that received muscimol infusion in the inactivated animals was markedly different. The ipsilateral (control) forelimb was placed squarely and securely on the rung, as in the control animals. By contrast, the contralateral (inactivated) forelimb was typically placed well over the rear edge of the rung and often slipped off. We scored paw placement for individual steps from videotaped data in five animals that received muscimol infusion.
On average, the forelimb contralateral to inactivation slipped off the rung on 28.2% ± 7.9% of trials. By contrast, the forelimb ipsilateral to the inactivation never slipped off the rung. This difference is significant (Mann-Whitney Z = 3.811, p < 0.0001). The contralateral and ipsilateral forepaws of both the untreated animal (n = 3 sessions) and the one in which saline was infused into M1 from PW 5-7 (n = 3 sessions) did not slip off the ladder rung on any trials.
Analysis of movement prior to rung contact
To assess impairment in control during the terminal phase of the movement, we determined if there were asymmetries between the contralateral (inactivated) and ipsilateral (control) limbs in the following measures: digit path variability, movement speed reduction as the paw approached the rung, path orientation, and forelimb joint and segment angles. We digitized individual video frames in two of the inactivated cats and the two controls. For each cat, we digitized the X-Y locations of the shoulder, elbow, wrist, MCP, and digit tip for 15 steps (selected randomly among steps in which the paw did not slip off the ladder rung) during the last 3 video frames prior to paw contact with the ladder rung and the frame at contact. From these coordinates, we created a database of joint locations, joint and paw speeds based on the anterior distance traveled during each frame, joint angles, and limb segment angles. We generated stick-figure representations of the right and left forelimbs as each paw approached the ladder rung from mean X and Y joint locations for each step. Figure   3A1 and B1 show averaged stick figures for the three frames preceding rung contact (thin lines) and the frame in which contact occurred (thick line). For M1 inactivation ( Figure 3A1 ) the contralateral limb oversteps compared with the ipsilateral limb. This is reflected in a greater distance between the rear edge of the ladder rung (black square) and the paw tip in the stick figure. This is termed forward distance and is discussed in detail in the next section. Individual paw tip paths are shown below the stick figure. The ensemble extends farther into the gray band, which highlights the space beyond the rear edge of the rung. For the control cat, this distance was the same for the right and left limbs.
We compared vertical trajectory variability for the limbs contralateral and ipsilateral to the inactivation using the Y coordinate of the paw for the three frames before contact (i.e, the terminal phase of the movement, as the paw approached and landed on the rung). Variability of this measure was not different for the ipsilateral and contralateral limbs (ANOVA; M1 F = 0.54, p = 0.66; M2 F = 1.22, p = 0.31). We computed the average speed for the inactivated and control limbs during the terminal phase of the step based on the distance traveled during each 33 ms frame. We found that there were no significant differences between the inactivated and control limbs for the inactivated animals (ANOVA; Muscimol cat 1 F = 0.141, p < 0.869; Muscimol cat 2 F = 0.412, p < 0.631) suggesting that inactivation does not impair the ability of the animal to slow the limb as the paw approached the ladder rung.
We also determined if there were significant differences in the elbow, wrist, and MCP joint angles and the proximal arm, forearm, and paw segment angles for the inactivated and control limbs during the terminal phase of the step (i.e., three steps preceding contact). The only consistent difference we found was increased extension of the elbow contralateral to muscimol infusion, relative to the ipsilateral elbow (repeated measured ANOVA, across time compared with the control elbow; muscimol cat 1; 19° mean increase in extension; F = 6.87, p = 0.015; muscimol cat 2 16.6° mean increase in extension; F = 58.53, p < 0.0001). This extended posture is consistent with a limb that is placed farther forward. Our kinematic analysis of the terminal phase of the step did not reveal any significant trajectory asymmetries between the inactivated and control limbs, apart from the increased forward distance, suggesting that the inactivation did not impair control of the terminal phase of the movement, preceding contact.
Paw placement error
In contrast to the absence of effects on the terminal trajectory during ladder walking, there was a clear and consistent contralateral limb endpoint error. As indicated earlier, on 28 percent of steps the paw slipped off the rear edge of the rung (i.e., the edge that was farther from the animal as the paw approached the rung). We reasoned that these slips occurred on particularly errant steps and that a more consistent control impairment, present on most steps, was a forward paw placement error.
To quantify overstepping across animals, we measured the distance from the rear edge of the ladder rung to the paw tip in the video frame at which the forelimb first contacted the rung (see Figure 4 ; B inset). Both the limb contralateral and ipsilateral to the inactivated cortex were measured. Figure 4 shows histograms of forward distance for a representative inactivated cat (muscimol cat 1) and one that received no treatment (age-matched control). In the control cat (panel B), the distances after the rung were symmetrical for both forepaws; they were not significantly different (Kolmogrov-Smirnov; c = 1.17, p = 0.87). Due to the size of the paw relative to the size of the ladder rung, even when the cat paw landed squarely on the rung, the paw tip extended beyond the forward edge of the rung (see inset Figure 4 ).
In the inactivated cat, the distribution of forward paw distance for the contralateral limb was significantly broader and shifted forward than for the ipsilateral limb For four of the five muscimol-treated cats, this forward displacement was significant, whereas for one, it failed to reach significance (t = 1.8, p < 0.082). For all cats, the average ratio of the forward distance for the contralateral and ipsilateral paws was 2.1.
Additionally, the small differences in distances after the rung for the paw contralateral to inactivation were not different between cats (ANOVA; F = 1.34, p > 0.26). The forward distance was not significantly different for the two limbs in the control cats (unpaired ttest for each animal; control 1, t = 0.18, p > 0.86; control 2, t = 0.46, p > 0.63). Across all test and control animals, the small differences in the forward distance for the paw ipsilateral to inactivation, ipsilateral to saline infusion, and the right/left in the untreated animal were not significant (ANOVA; F = 0.96, p > 0.44). This indicates that the overstepping measure (forward distance) for the ipsilateral limb in the inactivated animals is not different from either of the two limbs in the controls. These findings indicate that prior inactivation of M1 results in a systematic end point bias during visually-guided stepping. This impairment is similar to over-reaching after early postnatal M1 inactivation (Martin et al. 2000) .
In three cats we increased the ladder rung distance from 6 cm to 12 cm on random runs to verify that the animals were not using a stereotypic stepping strategy but were visually placing their limbs on the rungs during each step. We also were interested in determining if the magnitude of the overstep was relatively constant for two different intended step distances. Figure 6 compares data for the 6 cm and 12 cm rung distances for the limbs contralateral (dark gray) and ipsilateral (light gray) to inactivation.
In each cat the forward distance for the contralateral limb was slightly more for the 12 cm rungs than the 6 cm rungs, but not significantly greater. For the ipsilateral (control) limb, step distance to the more distant rung also was not significantly greater than for the closer rung. These results indicate that the animals are using visual guidance in placing their paw on the rungs rather than a stereotypic/automatic strategy. Overstepping on the ladder task is a persistent impairment. In two animals we determined if there were significant changes in the forward distance during the examination period. We examined 5 sessions for each animal, between 13 and 21 weeks. We found that the overstepping was stable; there were no trends towards decreases or increases in the measured forward distance for the contralateral limbs (muscimol cat 1: f=0.775, p=0.5935; muscimol cat 2: f=1.546, p=0.094). Similarly, the distance after for the ipsilateral (control) limbs did not change (muscimol cat 1: f=0.638, p=0.479; muscimol cat 2: f=0.837, p=0.233).
Gait modifications during visually-guided treadmill locomotion
Our findings indicate that after M1 inactivation between PW 5-7, animals express a consistent impairment in control of the endpoint of visually-guided locomotion on the ladder, for which there is no compensation. In three of the five animals studied in the ladder task, we additionally examined their capacity to step over obstacles while walking on a treadmill. We examined visually-guided gait modification to step over obstacles for three reasons. First, control of the height of the modified step over the obstacle depends on vision (i.e., obstacle size and distance), as well as on corticospinal system control (Drew et al. 1996) . Therefore, as in the ladder task, the absence of M1 neural activity during development would be expected to lead to a control defect. Second, the location of the tip of the limb during the movement may be under the same explicit control as during the ladder task, to prevent bumping of the obstacle. Trajectory measures during this phase may be more sensitive indicators of impairment. Third, the location of the end point of the step, after clearing the obstacle, is not as critical as in the ladder task; i.e., the animal will not stumble if it oversteps.
We measured three characteristics of gait modification to step over the obstacle: 1) the distance from the front edge of the obstacle (i.e., the edge closest to the animal prior to stepping over it) to the tip of the paw on the video field prior to when the paw was lifted from the treadmill belt (termed distance before obstacle); 2) the maximal height of the paw tip when it was above the obstacle (termed modified step height); and 3) the distance from the rear edge of the obstacle (i.e., the edge farthest from the animal prior to stepping over it) to the tip of the paw on the video field when the paw made contact with the treadmill belt after stepping over it (termed forward distance).
The forward distance is similar to the measured forward distance between the rear edge of the ladder rung and the paw tip in the ladder task. These measures were obtained for both the contralateral (inactivated) and ipsilateral (control) limbs, during trials when each limb was the leading or trailing limb during the step.
For all three animals, the contralateral (inactivated) limb was the leading limb as frequently as the ipsilateral (control) limb. Based on an analysis of 224 steps (n=53 for muscimol cat 1; n=94 for muscimol cat 2; n=77 for muscimol cat 3), we found that both forelimbs stepped over the obstacle with equal success and without bumping. We measured the height of the modified step when the limb was leading ( Figure 7A1 ) and trailing ( Figure 7B1 ). The differences between the inactivated and control sides were not significant during either the leading or trailing conditions (Leading condition, ANOVA, F=0.057; p=0.8123; Trailing condition, ANOVA, F=1.333; p=0.2502). Thus, early postnatal M1 activity blockade does not affect control of stepping over obstacles.
We next compared the paw distances before the obstacle and the forward distance beyond the rear edge of the obstacle for the inactivated and control limbs. The distance before the obstacle, prior to lifting the paw from the treadmill belt, for the contralateral and ipsilateral limbs was not significantly different for the leading condition (ANOVA, F=0.726; P=0.3957). For the trailing condition, the contralateral limb was placed significantly farther before the obstacle (ANOVA, F=5.41; P=0.0215). Post hoc testing revealed that this effect was not consistent across animals; differences in two of the cats were not significant (unpaired t-test; muscimol cat 1: 2.53 cm, p=0.14; muscimol cat 2: 0.94 cm, p=0.292) and in one of the cats was significant (muscimol cat 3: 1.5 cm; p=0.05). By contrast, the increased forward distance beyond the rear edge of the obstacle for the inactivated compared with control limbs is consistently significant, but only when the limb leads (ANOVA; F=25.024; P<0.0001; Figure 7A2) ; not when it trails (ANOVA; F=2.38; P=0.125; Figure 7B2 ). Comparison between the inactivated and control forelimbs under the leading condition was significant for each cat (p values indicated on the figure). Our findings during treadmill locomotion under the leading condition are similar to those during ladder walking: the limb oversteps the foot placement target. However, in the treadmill task the overstepping did not impair function as it does not provoke tripping.
Our finding that animals can step over an obstacle without bumping-together with the lack of consistent control defects, apart from the overstep-suggests that early postnatal M1 inactivation does not produce a trajectory impairment during stepping over obstacles. To examine this question further, we analyzed the trajectory between lift and contact in two cats. Figures 8A and C show paw paths from the control (left column) and inactivated (middle column) forelimbs from the two animals; inactivated and control paths are overlaid in the right column (red, inactivated; black, control). Individual steps are aligned when the paw is located directly over the obstacle. The trajectories for the control and inactivated sides had a similar shape and variability. For the limbs on both the control and inactivated sides, the paw lifts smoothly from the treadmill and clears the obstacle with a safety margin. The return of the paw to the treadmill belt beyond the obstacle is over a shorter distance than the lift prior to the obstacle. These findings also show that the animals were capable of producing trajectories over obstacles without bumping with either forelimb.
To more directly compare the responses of the control and inactivated limbs, the trajectories were interpolated to 100 points between lift and contact (see Methods) and averaged (±SE, dotted lines) for the two animals ( Figures 8B and D) 
Discussion
This study demonstrates that neural activity in M1 during the period that CS axon terminals undergo topographic refinement in the spinal cord (PW 5-7) is needed for development of visually-guided locomotion. Blocking activity during this period resulted in persistent and robust defects in control of the endpoint of the movements. This indicates that M1 activity is needed to refine CS circuits for accurate control of final position. By contrast, during treadmill locomotion animals were able to step over obstacles without bumping, strongly suggesting that trajectory control was not substantially impaired. The paw on the inactivated side lifted smoothly from the treadmill belt and cleared the obstacle at a similar height as for the control side. This also shows that animals were capable of adaptive modification of the trajectory in this behavioral context. Analysis of paw paths confirmed that the control and inactivated trajectories showed no major changes in control. Moreover, normalized trajectories for the inactivated and control sides were not significantly different. Also consistent with a lack of a major effect of activity blockade on the trajectory, the terminal phase of the step while ladder walking was without apparent impairment. While the overstepping could be due to multiple minor control impairments that sum to produce an errant endpoint, it also could be that the trajectory is normal, but intended for a more distant placement.
Nevertheless, these findings show that effective and adaptive visuomotor control of the movement trajectory during locomotion, in contrast to final position, can be expressed without activity-dependent refinement during an early CS system critical period. By manipulating CS system development, and the impact that this has on overall motor system development, we have been able to separate aspects of the control of a movement's trajectory from control of the endpoint of the movement.
Separate development of movement trajectory and end point control
The endpoint control defect that occurs without M1 activity during early postnatal development is reminiscent of the visuomotor impairments reported by Hein, Held and colleagues after limiting visual feedback during early development (Hein et al. 1970) . In those studies, kittens and infant monkeys were prevented from seeing movement of their limbs by restricting visual experiences or dark-rearing. Their findings pointed to impairments in development of visual processing for guiding movement. Apropos to our study, activity may be necessary for refinement of intracortical circuitry underlying visuomotor and other sensory-motor transformations needed for achieving an accurate final limb position. Recently, Lajoie and Drew (Lajoie and Drew 2007) have shown that area 5 lesion in the adult cat produces impairments in visually guided locomotion, including bumping the obstacle by both the leading and trailing limbs. These impairments are likely due to motor planning defects given the proposed role of the parietal lobe in visuomotor transformations (Jeannerod et al. 1995) . Postnatal M1 activity blockade could impair development of corticocortical connections between these two areas (Ghosh 1997; Waters et al. 1982; Yumiya and Ghez 1983) , by affecting the projection from M1 to area 5 or the topography of the incoming projections. This, in turn, could disrupt the capacity of M1 to implement this visuomotor signaling. However, the defects we observed differed from those after area 5 lesion (e.g., changes in paw placement in front of the advancing obstacle) which could be due to the downstream consequences of M1 activity blockade. (This is discussed further in the last section of the Discussion.) We have shown that the blockade redistributes CS axon terminals in the cervical gray matter, thereby changing the population of spinal neurons that are activated by the CS tract (Friel and Martin 2005) . This change in termination distribution might disrupt the integration of motor cortical signals with peripheral afferent input and other aspects of descending control. This anatomical change could contribute to the expression of the endpoint control impairment, as well as the animal's inability to make the suitable corrections. Similar activity blockade also alters cortical terminations in the brain stem (Martin et al. 1999 ) and may well affect intrinsic M1 circuits. These changes in CS connectivity also could contribute to the persistent deficits.
The differential effects of an activity-dependence on endpoint and trajectory control in the cat are surprising. Given potential redundant control by other motor systems, such as the rubrospinal system, that endpoint control is permanently affected suggests that this is an important controlled variable dependent largely on motor cortical/corticospinal processing. Given the role of M1 in trajectory control in maturity . These movements are not likely to be dependent on experience or other activity-dependent processes since they occur so soon after birth.
Role of M1 in visually guided locomotion
Visually-guided locomotor tasks require M1 and CS tract control (Armstrong and Marple-Horvat 1996; Beloozerova and Sirota 1993; Drew 1991; Drew et al. 1996; Drew et al. 2007; Lawrence 1994) . We found that when cats stepped over obstacles on a treadmill, the affected limb was placed farther beyond the obstacle than the unaffected limb, highlighting an endpoint control impairment that is remarkably similar to the one present in the ladder task. Single unit studies in mature cats provide evidence for a role for M1 in ensuring precise placement of the paw (i.e., endpoint control) during locomotion. Some pyramidal tract neurons show increased activity when cats are required to step between two small obstacles than when they are required to step over larger ones (see Fig. 5 in (Drew et al. 1996) ). Experiments of Armstrong and MarpleHorvat (Armstrong and Marple-Horvat 1996) show increased activity in motor cortical neurons just prior to placement of the paw on the rungs of a horizontal ladder.
Experiments by Beloozerova and Sirota (Beloozerova and Sirota 1993) equally suggest a role for motor cortical neurons in precise positioning of the paw.
In our study a difference in forward distance was seen only when the contralateral limb was leading. Drew and colleagues have shown, in mature cats, that there are major changes in the activity of many M1 neurons as the cat steps over an obstacle in the lead condition (see Fig. 4 in Drew 1993). However, in the trail condition, activity is enhanced primarily early during the swing phase, before stepping over the obstacle. This is in agreement with the observation that changes in muscle activity during the trail condition occur primarily at the onset of swing and is little changed from control subsequently. In the lead condition, however, there are major changes in EMG activation patterns throughout the swing phase. It is, therefore, not too surprising that blocking activity-dependent developmental processes impairs the overall control of the limb during the lead condition. Studies of human stepping suggest that visual information is used to guide the leading but not the trailing limb during obstacle clearance in locomotion (Patla 1998; Patla et al. 1996) , including the role of visual feedback (Mohagheghi et al. 2004) . Whether this implies a selective requirement for activity-dependent refinement of CS circuits engaged in particular aspects of visual guidance deserves further study.
End-point control deficits during visually-guided movement
For a variety of visually-guided motor tasks, the same phenotype of defect occurs when M1 is deprived of activity during early postnatal life: cats overstep the rungs on a ladder, overstep obstacles on a treadmill with the leading limb, and overreach targets during reach and grasp (Martin et al. 2000) . The hypermetric phenotype was seen in these three visually-guided tasks, but neither hypometria nor an increased end-point variability were seen. We propose two classes of mechanism that could help to explain this hypermetria. First, hypermetria could reflect an impairment in scaling the extent of a movement to a visual stimulus specifying movement endpoint. As discussed above, the task-dependent (feed-forward) mapping of visuospatial information onto the motor cortex for guiding movement, via premotor and association cortices (Jeannerod et al. 1995) , might depend on activity-dependent developmental processes for optimization.
For example, a motor synergy comprising proximal and distal forelimb muscles active as the cat places it limb on the substrate after clearing an obstacle (Krouchev et al. 2006 ) may be controlled by a signal that is calibrated during development by activitydependent processes. In addition, integration of limb proprioceptive information in relation to extrinsic (visual) space also could depend on early postnatal activitydependent processes.
Second, the hypermetric posture could reflect an impairment in expressing the planned motor output. A plausible defect that could produce endpoint hypermetria is an impairment in specifying the appropriate forelimb joint stiffness at the end of the movement (Gandolfo et al. 2000; McIntyre et al. 1996) . For example, the normal pattern of inertial and viscous loads generated during the movement could perturb final position. Since these loads act in the direction of the terminal phase of the movement (i.e., forward direction for stepping and roughly along the movement path for reaching), (Sainburg et al. 1999) , they would result in a systematic forward displacement of the paw and a hypermetric endpoint, rather than result in increased variable endpoint error.
Recent human psychophysicial studies of Ghez and colleagues provide evidence that movement trajectory and endpoint are subject to distinct planning mechanisms (Scheidt et al. 2004) . They noted that normal human subjects overshot the target of a reach when switching from performing tasks constraining either endpoint or the trajectory of movement. Their findings are also in accord with the idea that spatial control of final position and stabilization of the limb at that position are related. They simulated task conditions and showed that the overshoot occurred when the trajectory controller did not take account of the increase in viscosity and limb stiffness that occurs at the end of the movement. Joint stiffness control was specifically proposed for a subpopulation of M1 neurons in the monkey (Humphrey and Reed 1983).
Endpoint control is critical for maintaining a secure stance for the next step in locomotion. In prehension, limb stabilization at the final position is also important for target acquisition and subsequent manipulation. Our observation that forward displaced movements during ladder walking sometimes led to a slip is consistent with the idea that the process controlling final limb position also controls an aspect of stabilizing that position. Normal endpoint control may depend on distinct motor circuits that integrate information about the spatial coordinates of the final position with information about the upcoming motor plan. Our findings show that activity-dependent development of the CS system is needed for this control. which the distance between ladder rungs was changed. Normal rung distance is 6 cm (data replotted from Figure 4 ). On random trials the one rung distance was increased to 12 cm. Overstep distance for the 12 cm rung was significantly greater for the contralateral than ipsilateral limb (cat 1: p < 0.0001; 2: p < 0.0001) but was not significantly different from the overstep distance for the 6 cm rung distance.
Figure 7.
Step heights over the obstacle (A1, B1) and forward distances after the cat stepped over the obstacle (A2, B2) are shown for the three cats examined in the treadmill task (cat 1 corresponds to M3 in Table 1; Step heights over the obstacle (A1, B1) and forward distances after the cat stepped over the obstacle (A2, B2) are shown for the three cats examined in the treadmill task (cat 1 corresponds to M3 in Table 1; 
